Purpose The purpose of this study was to evaluate the longterm clinical and radiographic outcomes of the Balgrist total hip replacement cup. Methods We report the results of a retrospective review of 195 total hip prostheses with Balgrist cup implanted in 178 patients. There were 59 men and 119 women with a mean age at surgery of 52.3 years (range, 19-72). Cox regression was used to determine the influence of independent variables on the survivorship of the prosthesis. Results There were 117 (66 %) of 178 patients, and 131 (67 %) of 195 hips available for assessment at a mean follow-up of 17.4 years. A total of 21 patients (22 hips) were lost from follow-up (12 %). A total of 25 patients (27 hips) required some type of re-operation during the follow-up period. Eight of 27 re-operations (30 %) were directly caused by the Balgrist cup failure due to fatigue fracture of the metallic shell (n=5; 19 %), polyethylene wear (n=2; 7 %) and aseptic loosening (n=1; 4 %). The mean polyethylene wear rate was 0.068 mm/year (range, 0.008-0.230; SD=0.043). The risk of re-operation for any reason was decreased with dysplastic hip as a primary diagnosis (hazard ratio; HR=0.250; 95 % CI 0.086-0.725) and with greater age at the time of surgery (HR =0.923; 95 % CI 0.880-0.969). The 19-year survivorship with re-operation for any reason was 75.6 % (95 % CI 67.0-84.2). The 19-year survivorship with re-operation for the Balgrist cup failure was 90.5 % (95 % CI 83.4-97.6).
Introduction
Despite the proven effectiveness of total hip arthroplasty (THA) in relieving hip osteoarthritis pain, THA outcomes have come under intense public scrutiny in recent years [1] . The reason is simple-not all THA implants function without problems for sufficiently long time period and not all patients can benefit from THA surgery [2] . To answer the question on long-term behaviour of THA implants several THA registries have been established in many countries. In addition, there is a growing need to study other data and especially the reasons for revision. According to a large number of studies including those derived from national replacement registries and meta-analyses [3] [4] [5] [6] [7] [8] , the cup seems to be the weakest link of THA with aseptic loosening and polyethylene wear-related complications being the most frequent indications for revision of primary THA. The reported results of cemented and uncemented cups are difficult to compare directly and even comparisons between uncemented cups are not possible without detailed knowledge of at least the design and material characteristics of the compared implants [3, 9] . Poor survival of early generations of uncemented cups was related in part to design errors together with a problem of polyethylene quality [10] [11] [12] [13] .
Schreiber et al. designed the Balgrist cup in early 1980s and it was introduced in clinical practice in 1982 [14] . Several studies demonstrated good survival to date [15, 16] . The primary aim of the study was to evaluate the long-term clinical and radiographic outcomes of the uncemented Balgrist cup used as a part of primary THA in a consecutive cohort of patients. Currently, this cup is not in use; however, the polyethylene Sulene implanted into the Balgrist cup is still in clinical use. Secondly, we aimed to assess whether there is any association between the reoperation of the THA with Balgrist cup and a set of patient-, surgery-, and implant-related factors. Thirdly, we believe that a report on the long-term outcomes related to a particular uncemented THA could contribute to a current discussion on which fixation for THA [3, 17] .
Patients and methods

Patients
A total of 195 primary THAs using Balgrist cups were performed in 178 consecutive patients between June 1993 and December 1995. Of these, 59 (33 %) were performed in men and 119 (67 %) in women. Their mean age at surgery was 52.3 years (range, 19-71.7). We invited all of these patients to be clinically and radiographically examined between September 2011 and June 2012. At the latest followup 64 hips (33 %) in 61 patients could not be checked because they had died from causes unrelated to their THA (n=40 patients; 22 %) or could not be contacted or refused the clinical examination (n=21 patients; 12 %; Fig. 1 ). The ethics committee of the institution approved the study protocol and all re-operations were performed with the written informed consent of the patients.
Implant
The Balgrist cup consists of two tapered parts: an expansive outer titanium-alloy splitting the ring and achieving firm press-fit fixation (Fig. 2) , and a self-locking metal-backed inlay made of Sulene polyethylene [14] . The outer metallic part was made of Protasul™-Ti with roughened surface supporting bone-ongrowth (Fig. 3) . Overall, six sizes of the cup were available (range, 47-64 mm). Sulene was a calcium stearate-free ultra high molecular weight polyethylene, compression molded and machined. Components were gamma irradiation sterilized under nitrogen gas atmosphere. In most cases the Balgrist cup was implanted either with cemented Weber-Stuhmer stem (78 hips; 59.5 %) or with uncemented Alloclassic Zweymuller stem (47 hips; 35.9 %). A 28-mm Al 2 O 3 ceramic head was articulated against the Sulene polyethylene in the majority of cases (128 hips; 97.7 %). Inclusion data related to patients and implants are showed in Table 1 .
Patients were protected from weight bearing with crutches for the first eight weeks, which was followed by a period of partial weight bearing as tolerated and full loading was permitted 12 weeks after the surgery. All patients had routine perioperative antibiotics and prophylaxis against thromboembolic disease using subcutaneous heparin for 12 days followed by aspirin or warfarin.
Clinical and radiographic examination
Patients were assessed clinically and radiographically three, six and 12 months postoperatively, and then irregularly depending on their complaints. All the hips included in the study had a stable prosthesis one year after the index surgery based on review of radiology reports. A clinical researcher (JL) who was not involved in the patient's index surgery performed the last assessment. Clinical examination consisted of range of motion measurement of the hip joint, measurement of leg-length, and manual muscle testing of muscle power. In addition, we collected patient-reported evaluations of satisfaction with a hip, their estimation of walking distance, and data on walking aids. Finally, we calculated the Harris Hip score [18] and determined University of California, Los Angeles (UCLA) activity scale [19] . The Charnley classification was applied to estimate the level of walking capacity [20] .
Anteroposterior pelvic radiographs were performed with the patient in the supine (non-weight-bearing) position. Interpretation of radiographs consisted of the evaluation of the cup/ stem stability, cup position in regard to the lateral part of tear drop figure, determination of the cup position relative to the true acetabular region [21] and measurement of the abduction angle of the cup. Aseptic loosening of the cup and stem was evaluated using a method described elsewhere [22, 23] . Acetabular radiolucent lines location was described using the method of DeLee and Charnley [24] . Femoral radiolucent lines location was described using the method of Gruen [25] . The position of the cup in relation to the floor of acetabulum was graded as lateral, in contact, or medial depending on relationship between a most medial part of the cup and Kohler's line [26] . The abduction angle is the angle formed by a horizontal line along the teardrops, ischial tuberosities or obturator foramina and a line along the open face of the cup. The extent of polyethylene wear was measured according to the technique described by Dorr et al. on digital imaging [27] . 
Statistics
The primary goal of the study was to determine the survivorship of the Balgrist cup. Survival of the index prosthesis was computed using the Kaplan-Meier analysis. To determine the influence of loss to follow-up on the survivorship data of the Balgrist cup we assumed that all these patients had re-operations of their hips to the time of last follow-up [28] . The Shapiro-Wilk's test was used to determine whether the numerical data set is well modeled by a normal distribution. Student's t-test was applied on data with a normal distribution while Mann-Whitney U-test and Wilcoxon test were used in the remaining ones. For analysing categorical data we used Fisher's exact test. Then the Cox proportionalhazards regression was applied to determine the effect of several independent variables on the risk of re-operation as the event. Regarding the primary diagnosis, primary osteoarthritis was set up as a reference category with other diagnoses (i.e. dysplastic, traumatic and inflammatory) being related to it. According to wear rate hips were divided into those having wear rate above 0.1 mm/year and those below. Statistical significance was set at p-value<0.05. Statistical analysis was performed with the commercial SPSS 15.0 package (SPSS Inc., Chicago, IL, USA).
Results
Clinical outcomes
During the study period 27 hips (20.6 %) in 25 patients underwent revision surgery. The most frequent single reason for the Balgrist cup re-operation was fracture of the cup (n=5; 18.5 %; Table 2 ; Fig. 4) . Median time to re-operation due to fracture of the cup was 14.9 years (95 % CI 11.146-18.656).
At the time of the last examination 98 patients (94.2 %) were satisfied with the physical state of their hip and overall function. However, six patients were dissatisfied (5.8 %). The median of Harris hip score increased from 41 points (range, 4-85) preoperatively to 85 points (range, 40-100) at final follow-up (Wilcoxon; p<0.0001). Walking distance of three kilometres or more was reported by 28 of reviewed patients (30.5 %) and 36 patients (39.1 %) determined their walking capacity between one and three kilometres. In contrast, ten patients (10.9 %) declared they were unable to walk 500 metres. Twenty-two patients (23.9 %) were strongly dependent on walking aids while 41 patients (44.6 %) used them from time to time. Strength of the abductors of the hip was rated as good in 76 hips (73.1 %), weak in 22 hips (21.2 %), and poor in six hips (5.8 %). Leg-length measurement revealed discrepancy less than or equal to 1.0 cm in 74 limbs (80.4 %) while in the remaining patients the difference was greater than 1.0 cm. Comparing the changes in the Charnley classification preoperatively and at the last follow-up, we found a significant decrease in the number of A-type patients (McNemar test; p =0.0002). Finally, our patients increased their weight during the time of follow-up from a mean of 72 (range, 50-102) to 75.9 (56-120) kg (Wilcoxon; p<0.0001). Fig. 5c ). Survival analyses are illustrated in Table 3 including those related to loss to follow-up.
Multivariable Cox regression analysis was performed for age, gender, height, weight, primary diagnosis, and size of the cup. We identified older age at the time of surgery (HR-hazard ratio=0.923; 95 % CI 0.880-0.969; p=0.001) and patients undergoing THA for osteoarthritis secondary to hip dysplasia (HR=0.250; 95 % CI 0.086-0.725; p=0.011) as being independently associated with a decreased risk of re-operation.
Discussion
There is relative paucity of studies in the literature reporting the long-term outcomes of uncemented acetabular components. We found good clinical and radiographic long-term outcomes for the uncemented Balgrist cup. The most frequent single pattern of its clinical and radiographic failure was fracture of a metallic shell (Fig. 4) , with aseptic loosening of the Balgrist cup being observed in only two hips.
The 19-year survivorship of the Balgrist cup with clinical and radiographic failure as the endpoint was 88 % in the present study, which is comparable with the best uncemented Table 2 ). b Survivorship curve with the end point of only reoperation of the Balgrist cup. c Survivorship curve with the end point of re-operation and radiographic failure of the Balgrist cup implants having a minimum 17-year survivorship [29] [30] [31] . However, comparison of implants according to their fixation principles (cemented, hybrid, uncemented) is difficult assuming, for instance, differences in materials, constructions, patients and their life-styles as well as among surgeons. Corten et al. recently published the last report from a randomized controlled trial [32, 33] investigating the question of the superiority of cemented over uncemented primary THA [34] . They revealed lower survival rates of cemented compared with uncemented THA at 20 years after surgery performed by experienced surgeons. However, they did not compare classical cemented polyethylene cups but non-modular so-called metal-backed cup. In this line, neither a recent literature search nor a systematic review shows clear superiority of uncemented cups in terms of survival over the cemented cups [3, 17] . Hence, some authors have concluded that cemented polyethylene cups remain the gold standard in all age groups until uncemented cups have been demonstrated to be superior [3] . As a result, Pakvis et al. recommended an orthopaedic surgeon should choose cemented or uncemented socket for hip replacement based on patient characteristics and his/her knowledge, experience and preference [17] .
The main problem of the Balgrist cup in the present study was a fracture of the metallic shell (five already re-operated and five waiting for re-operation), which may be causally linked to the weakening of the bone support (e.g. by osteolysis, fatigue fracture behind a cup). Some role could play a specific design of the cup ("like a dowel") with the thin transverse stripes interconnecting several relatively robust perpendicularly oriented lamellae of the metallic shell (Fig. 3) . Under such conditions, an excessive strain in a titanium split ring could overcome the firmness of the material leading eventually to a fracture at the site of the transverse stripes. Echtler et al. had to re-operate on seven hips due to implant breakage [15] . Surprisingly, the mean time to implant fracture was 55 months in their study, which does not correspond with our experience (median to reoperation due to fracture was almost 15 years). Martín-Guinea et al. reported three cases (3 %) of Balgrist cup breakage in a study with a ten-year follow-up [35] , while Ishaque et al. did not find any fractured Balgrist cup with a minimum of ten-year follow up [16] . Importantly, fracture of the similarly designed uncemented cups has been observed [31, 36] . Taken together, cups like Balgrist, Spotorno and others having a thin metallic shell are vulnerable to fracture in the long-term because they are probably not able to withstand chronic strains associated with a localized loss of bone support [37] .
A major factor of aseptic loosening is particle disease that is triggered and perpetuated predominantly by particle load associated with wear of bearing surfaces and corrosion [38] . In this line, there is evidence that bearing surfaces strongly predict the fate of a THA [39, 40] . Very low rate of aseptic loosening observed in the present study could be associated at least in part with a low mean polyethylene wear rate. Importantly, this polyethylene is still in use and also other investigators report similar wear-rate data for the Balgrist cup [15, 35] .
This study has demonstrated greater age and THA for osteoarthritis secondary to hip dysplasia, relative to primary osteoarthritis, are independently associated with a lower reoperation rate for uncemented Balgrist cup. Both of these can be related to a lower level of physical activities [41, 42] . The physical activity of the patient strongly affects the implant survival in terms of aseptic loosening and periprosthetic osteolysis in THA (thus the phrase "wear is a result of load and use") [43] . Schmalzried et al. showed large inter-individual differences in daily activity, with the most active patient taking 3.2 million steps per year whereas the least active patient took only 72,000 steps per year [44] . However, a complex dysfunction of the hip secondary to dysplasia [45] does not disappear completely after THA surgery further preventing the patient with a dysplastic hip to achieve the same level of activity as a patient treated for primary osteoarthritis. On the other hand, we were unable to correlate causally the risk for revision and size of the cup postulating increased probability of polyethylene failure in the smaller cups. This could be explained by a low number of such revisions in our group of THAs.
Interestingly, we found an increase in the weight in our patients between the time of index surgery and the latest follow-up pointing indirectly to the decrease in physical activity [42] . This may be interpreted such that some of the patients decrease their overall physical activity after THA surgery [46] . The leading explanation could be an increase in morbidity at other sites of weight-bearing joints. In this line, we found a decrease in the proportion of the type A patients according to Charnley classification at the latest follow-up in comparison to number of "A" patients at the time of index surgery. Despite that doubt has emerged concerning the validity of Charnley classification for evaluation of true physical level [47] . This study has limitations. First, this is a retrospective observational study [48] . Second, more than 10 % of patients were lost to follow-up. As a result, it can be assumed that these patients could have been re-operated elsewhere decreasing significantly the survivorship data reported here for the Balgrist cup (Table 3 ). This concern might be theoretically diminished by at least one study that reports that the patients who do not attend follow-up visits do not necessarily have poor results [49] . In addition, other authors argue that the outcome of the group lost to follow-up can be under some conditions close to the best-case scenario considering the method of worst-case scenario as an overestimation [28] . Finally, the end-points in survival analyses were re-operation and/or radiographic failure although some patients may not be satisfied with the outcome, and suffer from pain and walking problems earlier [2] .
In summary, the Balgrist cup continues to provide excellent radiological and clinical outcomes at average 17.4 years postoperatively. Re-operations of the THA consisting of the Balgrist cup were done in a majority of cases from reasons other than aseptic loosening and/or osteolysis. Reported outcomes could be explained at least partially by excellent osseointegration of the titanium anchorage part of the cup, together with low polyethylene wear rate almost precluding aseptic loosening from a list of reasons for revision. On the other hand, this cup construction is prone to fracture, presumably from a deficient bone bed.
